Since 2014, populations of the kudzu bug, Megacopta cribraria (F.) (Hemiptera: Plataspidae), have declined in the southeastern United States and seldom require treatment. This decline follows the discovery of Paratelenomus saccharalis (Dodd; Hymenoptera: Platygastridae), a non-native egg parasitoid. The objective of this project was to observe the temporal and spatial dynamics of P. saccharalis parasitism of kudzu bug egg masses in commercial soybean fields. Four fields were sampled weekly for kudzu bugs and egg masses at a density of one sample per 0.6 ha. Sampling commenced when soybean reached the R2 maturity stage and continued until no more egg masses were present. Responses including kudzu bugs, egg masses, and parasitism rates were analyzed using ANOVA, Spatial Analysis by Distance Indices (SADIE), and SaTScan spatial analysis software. Egg masses were collected from the field, held in the lab and monitored for emergence of kudzu bug nymphs or P. saccharalis. Kudzu bug populations were generally lower than previously reported in the literature and spatial aggregation was not consistently observed. Egg parasitism was first detected in early July and increased to nearly 40% in mid-August. Significant spatial patterns in parasitism were observed with spatio-temporal clusters being loosely associated with clusters of egg masses. There were no significant differences in parasitism rates between field margins and interiors, suggesting that P. saccharalis is an effective parasitoid of kudzu bug egg masses on a whole-field scale.
Olson 2016). In 2013, the egg parasitoid Paratelenomus saccharalis (Dodd; Hymenoptera: Platygastridae) was discovered emerging from discolored kudzu bug egg masses collected from soybean in Spalding County, Georgia, and Lee County, Alabama . Previously unreported from North America, the host range of P. saccharalis is restricted to members of Plataspidae, including M. cribraria (Ruberson et al. 2013) . P. saccharalis has been reported parasitizing kudzu bug egg masses in kudzu and soybean in Japan Hirose 1986, Hirose et al. 1996) , China (Wu et al. 2006 , Zhang et al. 2003 and India (Rajmohan and Narendran 2001) . The parasitoid has since been reported from multiple counties across the state of Georgia , Florida (Medal et al. 2015) , South Carolina and Mississippi . Tillman et al. (2016) found parasitism rates of kudzu bug eggs to be as high as 58.4% in soybean small plots sampled from late-July through August. To date, no study has been conducted to quantify parasitism of kudzu bug egg masses by P. saccharalis on a whole-field scale.
The spatial dynamics of kudzu bug adults, nymphs and egg masses in soybean fields were first addressed by Seiter et al. (2013b) . The authors used Spatial Analysis by Distance Indices (SADIE) to detect aggregated distributions for each life stage associated with field margins. SADIE allows for the detection of aggregation and gaps in spatially referenced count data (Perry 1995) and is often used for the characterization of spatial patterns of pest and beneficial insects in agricultural fields (Ferguson et al. 1999 , Pilkay et al. 2015 . While useful for analyzing species count data, SADIE is less appropriate for quantifying the distribution of a natural enemy whose distribution is defined by egg masses with an inherent aggregated population. The spatial analysis program SaTScan was designed for the purpose of detecting spatial and temporal clusters of human disease (Kulldorff et al. 1998 ). The Poisson-based SaTScan model can be used to analyze the distribution of events with known underlying populations (Kulldorff 2015) . The objective of this project was to observe the temporal and spatial dynamics of P. saccharalis parasitism of kudzu bug egg masses in commercial soybean fields.
Materials and Methods
Across two field seasons, four commercial soybean fields were sampled for kudzu bug adults, nymphs and egg masses. With all fields located within 64 km of Tifton, GA (31.4761 N, 83.5282 W) , two fields were sampled in 2015 followed by two different fields in 2016. In each field, sampling locations around the perimeter of the field were established 78 m apart using flags on 1.8-m tall fiberglass poles to delineate sampling areas. The interior of each field was partitioned in a 0.6-ha sampling grid with similar flags. Boundaries and sample locations were mapped using ArcPad (version 10.2; ESRI Inc., Redlands, CA) on a Juno 3B handheld GPS (Trimble Inc., Sunnyvale, CA). Field size ranged from 11.35 to 18.95 ha, with the number of interior and margin sampling points dependent on the size and shape of each field (Table 1) . Soybean cultivar and planting date were determined by cooperating growers and no insecticides were applied to any field for the duration of sampling.
Each sample location was sampled weekly from flowering (R2) through early maturity (R7) or until unhatched egg masses could no longer be located. The first sample weeks were 9 July 2015 and 12 July 2016. Kudzu bug adults and nymphs were sampled with 20 sweeps (38-cm diameter sweep net) from a single row in the general vicinity of the marker flag. Additionally, all foliage in a 1-m 2 quadrat, randomly positioned outside the sweep-netted area, was examined for kudzu bug egg masses. Leaves or other plant parts with egg masses from each sampling quadrate were pooled into plastic bags and delivered to the laboratory for enumeration of total hatched and unhatched eggs under a dissecting microscope. Previously hatched egg masses, those with symptoms indicating lack of viability (e.g., fungal growth) or those damaged by predators were discarded. All remaining eggs, henceforth referred to as "unhatched eggs," were placed in 12 × 75 mm disposable glass culture tubes (part 30825-550, VWR Scientific In., San Francisco, CA), sealed with cotton wicking and held in growth chambers at 25°C. After 4 wk in the chamber, egg masses were scored for emergence of adult parasitoid wasps.
Data Analysis
All sample locations were classified by location within field as "edge" (located along the perimeter of the field) or "interior" (belonging to the 0.6 ha sampling grid). Samples were aligned across fields and years by week of sampling. Means of adult kudzu bug counts from sweep netting, unhatched egg masses recovered from quadrats, and proportions of parasitized eggs relative to total unhatched eggs from each sample location and sample week were blocked by field and compared using two-way ANOVA with repeated measures (PROC GLIMMIX) (SAS 9.4; SAS Institute Inc., Cary, NC). The model statement included sample week and sample location as fixed effects, field as a random effect and sample location within week as the repeated measure.
Spatial aggregation for weekly counts and season totals of adults from sweep samples and unhatched egg masses collected from quadrats was analyzed using Spatial Analysis by Distance Indices (SADIEShell v.2.0, Free Software Foundation, Inc.) . The SADIE algorithm calculates the distance, D, that above-average sample units need to travel to below-average sample units to achieve regularity (Perry 1995) . Observed counts are then randomly distributed over the sample units and separate D values (collectively D rand ) are calculated for each permutation in the same fashion as D was calculated for the original data. An index of aggregation (I a ) is calculated from the value of D over the mean D rand from all permutations (Perry 1995) . The value I a indicates whether the distribution of counts among the sample units is randomly distributed (I a = 1), aggregated (I a > 1) or uniform (I a < 1) . The null hypothesis of spatial randomness is rejected at P < 0.025 (aggregated) or P > 0.975 (uniform) at α = 0.05 (Perry 1995) . The default seed number and default number of randomizations were used for each analysis. Spatial and temporal clustering of unhatched egg masses and parasitism of unhatched eggs were also analyzed using the SaTScan (v9.4.4, Harvard Medical School and Information Management Services Inc.) space-time permutation model (Kulldorff et al. 1998 , Kulldorff et al. 2005 ) and the SaTScan discrete Poisson space-time model (Kulldorff 1997) , respectively. Both models use likelihood ratio tests to detect clusters in space and time from a series of variably sized moving windows based on the ratio of observed to expected occurrence of the subject. The statistical significances for most likely clusters are calculated through Monte Carlo sampling, using the default number of replications. Per recommendations described in Kulldorff et al. (1998) , the maximum geographic window size was set at 50% of the population for each field and the maximum time window was set at half the sampling duration for each field. Cluster detection was restricted to the most-likely non-overlapping windows. When analyzing the spatial distribution of parasitism using the discrete Poisson option, counts of emerged wasps were the number of cases and unhatched host eggs were the population. All significant non-overlapping clusters for both unhatched egg masses and parasitism are reported.
Results

ANOVA Analyses
Sweep Net
Across the four fields and years, a total of 1,122 adult and 271 nymphal M. cribraria were collected. Mean captures never exceeded two adults per 20-sweep sample during the study (Fig. 1) . No sample date by sample location interaction for mean adult kudzu bugs per 20 sweeps was detected (F = 0.35; df = 5, 33; P = 0.880). Further, there were no significant differences in adult counts among sample dates (F = 1.75; df = 5, 33; P = 0.151) or among sample locations (F = 0.44; df = 1, 33; P = 0.510). Minimum numbers of adults were captured in late July, while maximum numbers were captured in mid-August. Nymph counts were too low for meaningful analysis and were not further addressed.
Quadrats
A total of 1,989 egg masses were observed across all fields and years; 564 of those egg masses were unhatched and showed no disease symptoms or predator damage. Unhatched egg masses contained 25.3 ± 0.7 eggs. There was no interaction between sample location and sample week for unhatched egg mass counts (F = 1.81; df = 5, 33; P = 0.1378). However, egg mass counts declined over the duration of the season (F = 4.3; df = 5, 33; P = 0.004) (Fig. 2) . Across sample dates, more unhatched egg masses were observed on field edges compared to field interiors (F = 4.26; df = 1, 33; P = 0.047).
Parasitism of kudzu bug eggs by P. saccharalis was observed in every field in the study. A total of 3,533 wasps emerged from unhatched egg masses. Looking at percent parasitism, there was a significant interaction between sample location and sample date (F = 41.96; df = 5, 17; P < 0.001). This interaction occurred because less parasitism was observed in the field interior from July through early August, but parasitism in the interior exceeded parasitism on the field margins in mid-August (Fig. 3 ). In terms of main effects, proportion parasitism increased throughout the sample period (F = 4.28; df = 5, 18; P = 0.010). As a proportion of available hosts by sample location pooled across sample dates, there were no differences in parasitism rates (F = 0.01; df = 1, 17; P = 0.985).
SADIE Analyses
Significant spatial aggregation of adult kudzu bugs as measured by the dispersion index, I a , was not consistently observed. SAIDE indicated that significant aggregation of adults did not occur in field A, occurred only once in field B, three times in field C and once in field D ( Table 2 ). The dispersion index for season totals from each field was only significant for field D. Spatial aggregation of unhatched egg masses was even less frequently observed, occurring once in field A (Table 3) . Season totals were significantly aggregated in field A only. Due to the infrequent and sporadic occurrence of significant aggregation of adult kudzu bugs or egg masses, no analysis was performed on the local aggregation indices generated for each sample site.
SaTScan Analysis
Analysis of the spatial and temporal distributions of egg masses detected clusters in each field. The number of clusters per field varied, with 1, 1, 3, and 1 significant, non-overlapping, clusters occurring in fields A, B, C, and D, respectively (Fig. 4 ). Most clusters occurred on only one sample date, although a space-time cluster was detected in fields B and C, each lasting only 2 wk and occurring in early to mid-August (Table 4 ). The clusters varied in size from a single sample unit to as many as 13 sample units. While only one cluster was centered on an edge sample unit, nearly all clusters included edge sample units.
Spatial and temporal clusters of parasitism of kudzu bug eggs by P. saccharalis were detected with SaTScan for each field in the study. The number of significant non-overlapping parasitism clusters per field were 2, 1, 1, and 3 for fields A, B, C, and D, respectively (Fig. 4) . The earliest clustering was detected late July; however, the majority of parasitism clusters did not appear until early August (Table 5 ). Of the seven clusters detected, only one was purely spatial while the remaining clusters ranged in duration from 2 to 3 wk. Two of the seven observed parasitism clusters overlapped in space and time with egg mass clusters.
Discussion
Kudzu Bug Counts and Distribution
The numbers of adult and immature kudzu bugs recovered from sweep net samples in this study were relatively low compared to previous reports for kudzu bug in North America. Across 12 soybean fields from 2011 through 2013, Seiter et al. (2015) reported untreated kudzu bug populations ranging from 0.2 to 63.5 adults and 0 to 34.7 nymphs per sweep and found that treatment when one or two bugs per sweep were detected would prevent yield loss. Seiter et al. (2013b) reported less than two adults per sweep for most sample dates between July and August; however, some sweep net samples required population estimates by volume due to very high populations. Blount et al. (2015) observed population means across sample dates ranging from 9.6 to 91.4 adult kudzu bugs per 10 sweeps; here, adult populations in soybean also varied widely among fields. It is unlikely that the sampling method used in this study contributed to the low numbers observed, as sweep netting is widely used and the most cost reliable sampling method for adult and immature kudzu bugs at low densities (Stubbins et al. 2015) . Seasonal trends in adult counts suggest the higher counts early in the season resulted from first generation adults migrating from spring hosts, while late season adults were likely second generation that developed on soybean in that field (Zhang et al. 2012) . The lack of consistent edge effects on adult kudzu bug counts in this study (ANOVA analyses) suggests that differences between field edges and margins are only detectable when populations are sufficiently large. Stink bugs (Hemiptera: Pentatomidae) invading agricultural fields tend to be more numerous on field edges, adjacent to alternate hosts or overwintering sites (Tillman et al. 2009 , Reay-Jones 2010 , Olson et al. 2012 , Venugopal et al. 2014 . Seiter et al. (2013b) observed a similar pattern for kudzu bugs invading soybean.
Spatial aggregation of adult kudzu bugs in this study is not consistent with observations in the literature (SADIE analyses). In addition to examining the edge effects of kudzu bug in soybean fields, Seiter et al. (2013b) also used Spatial Analysis by Distance Indices to characterize within field spatial patterns and observed significant aggregation in both weekly samples and season totals. The lack of spatial aggregation observed in this study is the result of comparatively low insect densities (Taylor et al. 1978 , Taylor 1984 . Alternatively, the variance-to-mean ratios observed by Stubbins et al. (2015) suggest that kudzu bugs are more aggregated at low densities. If this were the case, it may be possible that the spatial scale used in this study (0.6 ha) was too broad to detect aggregation at low population densities. Future studies should include a spatially stratified sampling scheme to address this issue. Unfortunately, use of a much tighter sampling grid would result in an excessive number of sampling units for implementation in commercial fields.
Egg Mass Counts and Distribution
Given the low populations of adults, it is not surprising that egg mass densities were also low. Adult kudzu bugs tend to form mating aggregations and females are more receptive to copulation in these mating aggregations (Hibino 1985 (Hibino , 1986 . It is not known how low population densities affect the formation of these aggregations or overall mating success. Results presented here indicate that there were more unhatched egg masses on field edges compared to the interior; this was consistent with Seiter et al. (2013b) .
The fact that differences in egg mass counts were observed between field edges and interior but not adults, suggests that these patterns were present for adults, but not detectable at the low densities observed. Egg masses are a more long-standing record of female dispersion compared to counts of mobile adults at a particular point in time.
The lack of spatial aggregation of kudzu bug egg masses likely resulted from the lack of spatial aggregation observed in adult kudzu bugs. For green stink bugs in soybean, the distribution of egg masses in a field is a function of the distribution of ovipositing females (Schumann and Todd 1982) . The relationship between female and egg mass distributions has been reported for other heteropterans as well (Nakasuji et al. 1965) . Association between adult kudzu bugs and egg mass distributions has been reported, though the spatial distribution of females was not specifically addressed (Seiter et al. 2013b ).
The Kuldorff space-time permutation model is a more sensitive tool for identifying spatial patterns when counts are low. Using SaTScan, we detected statistically significant clusters of unhatched egg masses for at least one sample date in every field. Considering the rarity of truly random spatial distributions (Taylor et al. 1978) , it is likely that Spatial Analysis by Distance Indices cannot detect these aggregations when populations are low. In a review of spatial analysis programs (SADIE was not included), SaTScan was found to be the most robust software tested for automated cluster detection (Robertson and Nelson 2010) . Because SatScan does not provide local aggregation indices like SADIE, it is difficult to postulate whether the clusters detected by SatScan were edge associated, as were the aggregations reported by Seiter et al. (2013b) .
Parasitism Rates and Distribution
This study represents the first account of kudzu bug egg mass parasitism by P. saccharalis across commercial soybean fields. Reports from their native range and expanded North American ranges show P. saccharalis is active in kudzu as early as May (Takasu and Hirose 1986 , Medal et al. 2015 . P. saccharalis has been reported parasitizing kudzu bug egg masses in soybean as early as May and June (Wu et al. 2006 . The results of this study more closely align with those of Tillman et al. (2016) with increasing rates of parasitism being observed from July through August as egg mass numbers decline. Here, the authors observed very similar results; however, it is important to note that parasitism rates are dependent on host egg mass availability and may be inflated when fewer eggs are available to the same number of parasitoids. Gardner and Olson (2016) report parasitism rates from 2013 through 2016 from kudzu patches and soybean fields across the state of Georgia (including Tift County) and did not consistently observe parasitism at each site. The fact that wasps were detected in each field from this study suggests that the wasps are indeed widely distributed and have the innate capacity to locate soybean fields infested with kudzu bugs; however, P. saccharalis parasitism rates may be very low or undetectable. These data suggest that future surveys for P. saccharalis should be conducted in early to mid-August when ample kudzu bug eggs are present.
Parasitism of kudzu bug egg masses by P. saccharalis does not appear to be influenced by location in the field. The parasitism rates by P. saccharalis observed in this study are consistent with those observed by others (Takasu and Hirose 1986 , Zhang et al. 2003 , Wu et al. 2006 , Tillman et al. 2016 . The lack of sample location main effects, on parasitism rates suggests that P. saccharalis is effective at penetrating soybean fields and parasitizing egg masses located in the field interior despite the relatively greater abundance of available eggs on field edges. Similar findings on parasitism throughout fields are evident in other model systems (Landis and Haas 1992 , Marino and Landis 1996 , Bianchi and Wäckers 2008 . Parasitism in field interiors does appear to lag behind field edges as indicated by the significant interaction effect.
Though rates of parasitism varied between fields, the fact that wasps were observed at all field sites over a 2-yr period suggests P. saccharalis is contributing to kudzu bug suppression in this region. The SaTScan program, developed for identifying spatial patterns of human pathogens, was useful in examining spatio-temporal dynamics of parasitism in commercial agricultural fields. The spatial patterns observed for P. saccharalis are similar to those observed for other parasitoids and shows that P. saccharalis is effective at parasitizing egg masses in field interiors. 
